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Infrastructure failure can cause significant disruption of economic activity. The size of economic loss is a direct
function of the interdependencies between infrastructure and economic systems raising important questions about
infrastructure vulnerability and resilience. Economic theory is important in this regard as it makes a distinction
between damage to infrastructure (stock) and how this may transfer to losses in economic productivity (flow). In
order to capture the economic consequences of infrastructure failure, various economic models have been
proposed to represent the multimodal complex networks and capture the effects of cascading infrastructure failure.
There is still no consensus on the correct approach for estimating economic loss. The method commonly known as
input-output analysis has gained the most attention in recent years for its ability to model indirect or higher-order
economic losses. The typical input-output approach has spawned an entire field of related models which include:
the inoperability input-output model (IIM); Ghosh supply-side model; dynamic input-output models; key-linkages
analysis; as well as inventory based models amongst others. Amongst the various methods used to model
infrastructure failure this paper identifies the assumptions and shortcomings that must be overcome to produce
better estimates of economic loss. Firstly, critical infrastructure systems are connected to the economy through
both physical and economic linkages. Models need to capture both types of linkage to accurately represent how
cascading infrastructure failure will lead to economic loss and then how sectoral losses may have an indirect
impact on infrastructure systems. Secondly, input-output based approaches assume that the economic structure
within an economy remains stable during a disaster and throughout the recovery process. New models are
required that are able to capture substitution of goods and structural change within an economy. Thirdly, models
of economic loss are generally deterministic in nature and thus give no indication about the uncertainty behind
model-based estimates. Economic loss estimates using probability theory and methods such as Monte-Carlo
simulations or fuzzy logic may prove to be important avenues for quantifying uncertainty in economic loss
estimates resulting from infrastructure failure.
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communications, water and waste water systems are
complex interconnected systems. Failure in any one of
these systems or across multiple systems may cause cas-
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framework for thinking about the dynamic process of
economic loss and recovery. It will highlight the import-
ant distinction that must be made between damage to
physical infrastructure (stock) and how this relates to
loss in economic output (flow). Within the literature
there are four distinct methods that have been success-
fully implemented to estimate economic loss resulting
from infrastructure failure. These are: (1) statistical/
econometric methods, (2) computer general equilibrium
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nificant traction over the last decade because of their
ability to describe intersectoral interdependencies and
estimate the cost of cascading failure. A review of
the literature has shown that there are no models
that simultaneously calculate physical interdepen-
dencies between critical infrastructure sectors; phys-
ical interdependencies between infrastructure and
non-infrastructure; and, economic interdependencies
across both infrastructure and non-infrastructure
sectors.
Motivation
Over the last decade there has been growing interest in
the estimation of economic impacts caused by infra-
structure failure. Given the expanding interest in this
area and the growing number of new methods being
proposed, questions are rightfully being asked about the
validity and inter-comparability of different models and
methods that are being used. The contribution of this
paper is to critique these existing methods and make
suggestions for how these methods might be improved
and their weaknesses ameliorated. Although it is ac-
knowledged that different types of disasters will have
varying impacts across different infrastructure sectors,
the paper only discusses failure in the context of disas-
ters in general terms. It does not prescribe the type of
disaster causing infrastructure to fail, and assumes there
is a period of time in which infrastructure will be non-
operational and therefore lead to economic conse-
quences. No method is found to offer a comprehensive
solution for estimating the economic loss from infra-
structure failure, but some methods are found to work
better in some situations depending on the type of ques-
tion(s) being asked. The aim and novelty of this paper is
therefore to provide an overview of the strengths and
weaknesses of the different approaches to estimating the
economic impacts of infrastructure failure with sugges-
tions for how these may be improved. Given the popu-
larity of using Input-output (I-O) methods, a large
section of this paper is devoted to addressing the main
criticisms and shortcomings that arise when using I-O
methods for estimating the economic impacts of infra-
structure failure.
Structure of paper
The paper is organised as follows. The section titled ‘‘Early
development of economic loss models’’ provides a descrip-
tion on the early development of economic loss models
and how research methods have evolved over the last four
decades. The section titled ‘‘The estimation of economic
loss’’ will give some practical examples for estimating eco-
nomic loss and the different approaches that can be used
to compare counterfactual scenarios. The section titled‘‘Infrastructure and the economy as a complex intercon-
nected system’’ will introduce critical infrastructure as a
complex interconnected system and why special models
are required to estimate the impacts of infrastructure
failure. The section titled ‘‘Empirical approaches to model-
ling economic loss’’ will compare and contrast the four
most widely used methods for estimating economic loss
from infrastructure failure. The section titled ‘‘Strengths
and weaknesses of different Input-Output Models’’ intro-
duces and then discusses the strengths and weaknesses of
several I-O based methods and the section titled ‘‘How to
improve economic loss estimation from infrastructure
failure’’ provides some recommendations for how model-
ling economic loss from infrastructure needs to be im-
proved to overcome these limitations.
Early development of economic loss models
It was not until 1970s onwards that a debate on the defin-
ition of what constitutes a disaster started to materialize
(Rodriguez et al. 2007). Many researchers have put for-
ward various ideas for what constitutes a disaster with
some agreement on underlying themes (Fritz and Marks
1954; Perry et al. 1981; Perry et al. 1981; Quarantelli
2005). From social theory there is consensus that a disas-
ter implies deviations from routine social order (Cisen and
Clark 1962; Stallings 1998), involves irreversible loss and a
period of recovery (Buckle 2005) and that overall impacts
resulting from the disaster are directly under human or
societal control (Mileti 1999). Smith (2005) successfully
argued that disasters are events that implicitly cause death,
damage and considerable social, political and economic
disruption. More recently it has been recognised that
disasters can be categorised into two types: slow-onset
and fast-onset (Yu et al. 2014). Taken in this regard di-
sasters therefore either involve a sudden collapse and
cause considerable harm and interruption to normal
procedures, or gradually worsen over time. For the
interest of this paper we are primarily concerned with
discussing the effects of sudden infrastructure failure.
While several authors have attempted to define disas-
ters in an economic context, it was not until the pio-
neering work by Dacy and Kunreuther (1969) and
Cochrane et al. (1974) that the first framework for
analysing the full scope of economic impacts caused
by disasters was put forward using I-O analysis. More
recently, the economic theory behind various disaster
impact methodologies was reviewed and consolidated
by Okuyama (2004a), Hallegatte and Przyluski (2010)
and Cavallo and Noy (2010). Within the literature
concerned with estimating the economic impact of disas-
ters, there are those that consider the effect on economic
output usually over the short-run (i.e., GDP) and those
that examine the effects on economic growth usually over
the long-run (i.e., GDP growth rates).
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Economic loss is the difference in economic output
between a baseline BAU (Business As Usual) scenario
and economic output in the disaster scenario. Economic
output in the disaster scenario models the projected
economic output as a consequence of the disaster. The
counterfactual is the BAU scenario and is typically mea-
sured as the expected economic output assuming no dis-
aster has occurred. Economic output is usually defined
as the productivity in an economy (usually) over one
year. Estimating economic loss therefore requires inte-
grating lost output over time. In economic loss model-
ling, there is not an agreed time-span over which losses
should be estimated. Typically, the first time-point is
taken as the time the disaster occurs, and the second
time-point varies depending on what the loss estimate is
trying to capture. Several options include: (1) one year
after the disaster; (2) within the same financial year; (3)
the time it takes for economic output to match pre-
disaster output; (4) the time it takes for output to reach
output if the economy had continued to grow; (5) losses
recorded in perpetuity and discounted to a baseline year;
(6) an annual multiple from the time the disaster oc-
curred (e.g., 1,2,5, 10 years).
Whatever method is chosen economic loss is the inte-
grated difference of economic output under the counter-
factual trajectory (when no disaster occurs) minus the
integrated economic output in the disaster scenario. Es-
timating economic loss requires not only careful analysis
of the size of the initial impact, but also the recovery
period which must take into account the changing rate
of growth of the economy after the disaster and under
counterfactual scenario. The rate of growth after the dis-
aster will determine the length of time it takes for the
economy to return to an equilibrium or ‘new normal’
growth rate. The process of understanding the impacts
resulting from a disaster therefore involve a sequential
analysis of the events precipitated by the initial shock
and ending with a ‘new normal’ economic state (Buckle
2005). Such an analysis typically starts with understand-
ing the magnitude and probability of various hazards,
the exposure and vulnerability of physical, social and
political systems and the resilience of the economy as it
recovers and reaches a new growth trajectory. This is
important for understanding economic loss calculations,
as it is both the initial drop in economic output and the
resulting period of recovery over which the economy is
operating below its projected baseline growth that is re-
quired to capture the full estimate of economic loss.
Infrastructure and the economy as a complex
interconnected system
Critical infrastructures are highly interconnected and
mutually interdependent in complex ways. Identifying,understanding and analysing infrastructure interdepend-
encies represent a significant challenge with important
ramifications for disaster related research. The challenges
are further exacerbated by the breadth and complexity of
critical national infrastructure. Critical infrastructures
affect all areas of daily life and include electric power; nat-
ural gas; petroleum production and distribution; telecom-
munication networks, water supply systems, waste and
sanitary systems; as well as rail, road and shipping net-
works. These systems are fundamental to national secur-
ity, economic prosperity and social well-being. Moreover,
infrastructure is a unique form of capital in the way it con-
tributes to economic activity and output. Economic loss
models therefore need to take into account the complex
relationship between different critical infrastructure sys-
tems as well as the complex relationship between infra-
structure and the economy.
Critical infrastructure systems are often considered as
complex adaptive systems (Brown et al. 2004). Each
infrastructure as identified above, consists of a collection
of components in an intricate web that when taken as a
whole can be considered as ‘complex infrastructure’ or
infrastructure belonging to a ‘system of systems’. For ex-
ample, the electricity system consists of power generating
plants, transformers, capacitors and transmission lines etc.
that connect the various components of the power grid
together. In the same way that components within each
infrastructure system interact, there are also interactions
that occur between infrastructure sectors (Rinaldi et al.
2001). For example, there is reciprocity in the way the
electricity system interacts with the railway network.
Electricity provides the energy required for trains to oper-
ate, and trains deliver the fuel (coal) required for power
stations. Not only is there interaction between infrastruc-
ture systems but there is also interaction between infra-
structure systems and the economy. In order to fully
appreciate the impact of infrastructure failure within an
economy, it is necessary to consider the economy as
another layer of complexity overlaying the physical in-
frastructure networks. Thus the inter-linkages between
infrastructure and the economy represent additional inter-
dependencies that may have further negative or positive
feedbacks on infrastructure systems that may then feed
back on the economy. The degree to which infrastructure
systems are coupled or linked influences the operational
capability of the infrastructure. Links that are loose and
flexible offer some resilience to the propagation of shocks.
On the other hand, rigid or tight connections leave little
flexibility for the system to respond to sudden changes
(Rinaldi et al. 2001). Inflexible interdependencies can ex-
acerbate problems where impacts may cascade from one
infrastructure to the next. Such mutually interconnected
networks represent the possibility for failure in one system
to propagate across multiple systems. Understanding and
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complex network models that are able to capture the deep
and often hidden interdependencies between different
systems.
However, it is not just cascading failure between differ-
ent infrastructure systems that is important. Critical in-
frastructure systems provide the means for production,
distribution and consumption within an economy. Eco-
nomic activity is therefore reliant on operational and
well-functioning infrastructure. In a disaster, a direct im-
pact on critical infrastructure will have cascading im-
pacts across different economic sectors. The overall
impact on the economy, the recovery and therefore the
economic loss from such a failure depends on a multi-
tude of factors including the vulnerability and resilience
of the system to different types of disaster. The impact
of a shock and how it propagates through an economy
depends on the sectors most impacted, the underlying
structure of the economy, by the initial shock, and the
backward and forward linkages in the economy as the
shock propagates. Models that are capable of represent-
ing the physical inter-dependencies between infrastruc-
ture and the economy are therefore needed to model
how shocks may propagate. Only through more accurate
modelling of cascade effects is it possible to understand
the magnitude of full impacts on the economy and esti-
mate indirect losses. In addition to estimating the overall
impact that failed infrastructure may have on an econ-
omy, it is also necessary to model the recovery process
in the days, weeks and months after the initial impact
occurs. This not only requires an understanding of the
time and effort required to repair damaged infrastruc-
ture, but also how an economy will respond and recover
as infrastructure is being repaired. If an economy has
spare capacity with stocks of spare inventory, redundancy
systems in place, and an ability to switch or transfer pro-
duction processes and systems, the overall economic im-
pact of the disaster and the recovery process will be faster
and the overall economic impact will be less.
Methods
Empirical approaches to modelling economic loss
There are two existing methodological approaches to in-
vestigate the macroeconomic impact resulting from nat-
ural disasters: narrative case studies and quantitative
modelling. Quantitative modelling can be further broken
down into several more categories. Given the strength
and weaknesses of the two different approaches they
should be considered as complementary rather than in-
dependent alternative methods (Benson and Clay 2004).
The remainder of this paper will focus on the strengths
and weaknesses of different quantitative approaches. A
review of the literature highlights several differences in
the main approaches used to tackle the problem ofestimating the economic losses resulting from disasters.
Expanding on Van der Veen et al. (2003) these approaches
can be broadly categorised into the following four
approaches:
1. Cost Benefit Analysis (CBA)




Cost Benefit Analysis (CBA) is typically used by welfare
economists with an attempt to incorporate the monetary
and non-monetary aspects of disasters into decision-
making. Most estimations based on CBA estimate
changes in utility resulting from changes in consumer
surplus and operates on the principle that consumers
face costs due to changes in the availability of certain
market products, changes in environmental quality, and
changes in the availability of products and labour. Many
of the disadvantages of using CBA are not unique to this
approach, but are still worth noting. For example, CBA
requires:
1. accurate estimation and quantification of all costs
and benefits;
2. reduction of costs and benefits into monetary terms;
3. increased subjectivity for intangible costs and
benefits;
4. controversial estimations of present value and
discounting.
Computer general equilibrium models
Computer General Equilibrium (CGE) models provide a
more complete view of the economy taking into account
market prices and the effects of exogenous intervention
following a disaster and how the economy may respond
to changes in supply and demand (Tsuchiya et al. 2007).
CGE methods represent an optimised view of consumers
and firms in the economy and are primarily concerned
with the intervention of governments and other market
players, and therefore focus on monetary and fiscal effects
such as inflation, unemployment, interest rates and gov-
ernment deficits. Some commentators argue that CGE
methods under estimate the true costs of a disaster
because they allow short-term input substitution and
changes in price which some argue are not fully observed
in the disaster aftermath (Hallegatte 2013).
Econometric methods
Econometrics or long-run methods use valuable informa-
tion about the economy and historical data on previous
disasters to try and predict future impacts (Albala-
Bertrand 2013). Econometric analyses are typically
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economic growth rather than overall economic output
(Guimaraes et al. 1993; Von Peter et al. 2012; Cavallo
et al. 2013) and thus the conclusions reached using
these methods must be put in context. Many econo-
metric studies show that the period of recovery after
a disaster may either constrain or increase the rate of
growth of the economy. In general, it makes sense for
an economy to grow faster as it recovers rebounding
from the effects of the disaster and catching up to
previous output levels. This does not contradict other
approaches that instead focus on overall economic
output. A weakness of predicting economic growth after a
disaster is that it requires significant data on the effects of
previous disasters on growth rates both before and after
disaster has occurred.
Input-output methods
Input-output methods have gained the most traction
over the last decade for modelling the intersectoral na-
ture and thus cascading effects of disasters. There are
several reasons why I-O analysis has become a popular
tool for estimating economic loss from disasters and dis-
ruption. Firstly, I-O analysis provides detailed sector
level information providing comprehensive detail on
intersectoral trading relationships between sectors of the
economy. In addition, I-O tables are able to show the
flow of trade between different sectors to satisfy house-
hold consumption, government consumption, exports,
and gross fixed capital formation (GCFC). Because data
included within I-O tables provides a comprehensive
snap-shot of economic activity over the period of one
year, and the relationships between different sectors of
the economy, it is possible to model how a shock may
propagate and thus cause cascading losses through the
economy. Thus a major benefit of the input-output ap-
proach is in its ability to capture indirect or higher-order
effects that are impossible or non-trivial to capture using
other methods.
Table 1 lists the main advantages and disadvan-
tages for each of these different methods. Given the
recent expansion of I-O based models in the litera-
ture, the remainder of this chapter will review sev-
eral I-O approaches for modelling economic loss from
disasters.
Strengths and weaknesses of different
input-output models
The standard input-output model
The application of I-O analysis to the study of disasters
including both man-made and natural disasters date
back to bombing studies completed during the Second
World War (Rose 2004). Since this time I-O analysis has
been widely applied in the literature to estimate theeconomic impacts resulting from disasters, mainly be-
cause of its ability to reflect the complex structure of the
regional economy (Cochrane et al. 1974; Ellson et al.
1984; Romanoff and Levine 1986; Levine and Romanoff
1989; Rose et al. 1997; Gordon et al. 1998; Okuyama
2004b; Santos and Haimes 2004). Because I-O analysis
uses a system of linear equations it lends itself to rapid
computation and analysis. A key strength of I-O analysis
is its ability to estimate higher-order (indirect) effects of
a disaster on the whole economy (Rose 2004). It is there-
fore recognised as a robust analytical tool for conducting
interdependency analysis and assessing and managing
risk in a system of interconnected infrastructures or in-
dustry sectors (Santos and Haimes 2004). Applying I-O
analysis thus offers a framework for describing how disas-
ter induced perturbations can propagate due to intercon-
nectedness within an economy.
The basic Input-output model adopts the traditional
Leontief framework as described by Equation (1). The
vector x gives the total economic output for each sector
of the economy. The matrix A is a symmetric matrix of
technical coefficients and gives the proportional input
required to satisfy each unit of output. The vector f rep-
resents the final demand going to households, exports,
government expenditure and gross fixed capital forma-
tion. Each row - i - of the A matrix represents the jth
sectors input requirements from each other sector in the
economy. Each column – j – of the A matrix represents
the ith sectors output to each other sector of the econ-
omy. The relationship between A, x and f, thus gives a
balanced representation of the economy where all inputs
going into the system must equal all outputs generated
by the system. The matrix L represents the Leontief
inverse of all input and output requirements to satisfy
one unit of final demand, f, and allows for the calcula-
tion of the system wide impacts for each unit change in
final demand (Miller and Blair 2009).
x ¼ Axþ f ¼ I−Að Þ‐1f ¼ Lf ð1Þ
There are several criticisms that arise from using
input-output models for understanding disasters. First,
inter-sectoral and inter-regional trade is typically defined
using fixed coefficients making the model inflexible to
substitution across different industrial sectors and im-
ports. If a disaster results in a drop in demand from one
or more sectors, then all other sectors must decrease
their output proportionately to match the new demand
requirements rather than substitute products from other
sectors of the economy. Because of this, input-output
models will tend to exaggerate losses and attenuate the
recovery process. Second, the model is static in nature
and therefore represents a fixed equilibrium structure at
a specific point in time. Third, and as an outcome of the
Table 1 Advantages and disadvantages of various disaster impact methods
I-O methods CGE Methods Econometrics Cost-benefit analysis
Advantages
Simplicity Can address market based
mechanisms and behaviours
Very good forecasting capability Simplicity
Clear distinction between indirect
and direct effects
Can model broad range of impacts
(e.g., response to price changes)
Rigorous well-developed model
validation
Attempts to capture all
costs and benefits
Well suited to distributional
impact analysis
Can look at distributional impact No major biases in estimating
impacts
Applies expert knowledge
and experience to generate
cost estimates
Excellent organisational framework
for data collection and display
Better suited to long term
recovery analysis
Incorporates uncertainty Model transparency
Provides transparent view of
the economy
Can model impacts across a range
of macroeconomic variables.
Does not assume market
equilibrium
Single unit-measurement so




Benefits are easy to double
count
Ability to integrate with other
models (e.g., engineering, econometric)
Disadvantages









Usually provides over optimistic
results because of flexibility
of response






No explicit distinction between
direct and indirect effects
Difficult to obtain disaggregated,
regional data
Single unit-measurement
assumes all things can
be compared
Relies on market equilibrium,
while disasters represent a
disequilibrium
Assumes all agents optimise No explicit distinction between
direct and indirect effects
Characterised as providing
over pessimistic results
Assumes agents have perfect
information
Model is based on historical




Research question must be
well specified
Table has been modified and expanded from Okuyama (2008)
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equilibrium orientation and always clears no matter
what disturbances have occurred (i.e., total demand
equals total supply) (Okuyama et al. 2004). Fourth, I-O
models have an explicit lack of resource constraints and
there is no implicit allowance for the system to respond
to price changes. Finally, impacts are typically applied
on the demand side of the economy, with impacts
cascading through backward linkages in the economy.
This is somewhat incompatible when modelling the
impacts of infrastructure, which typically occur on
the supply side of the economy. Many authors have
attempted to improve these limitations with varying
levels of success (MacKenzie et al. 2012; Hallegatte 2013;Kotzanikolaou et al. 2013; Resurreccion and Santos 2013;
Rose and Wei 2013). Suggested solutions to some of these
problems will be provided in the discussion section below.
Several more complications arise when trying to apply
I-O analysis to infrastructure failure. Infrastructure as-
sets represent a stock of fixed capital, while I-O tables
represent monetary flows occurring over a pre-specified
period of time. Damage to infrastructure represents a re-
duction in the ‘physical capital stock’. This is different to
a reduction in the flow of financial activity. Models
attempting to estimate the impact of infrastructure fail-
ure are therefore assuming a proportional one-to-one re-
lationship between infrastructure capital and economic
output, which may not be correct. In order to estimate
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fore necessary to map how damaged capital infrastruc-
ture translates into a decrease in the availability of
infrastructure services, and then how this is captured as
lost revenue. Conversion between damage to capital and
losses in economic output must first be made before any
I-O calculations are even possible. A crude approxima-
tion is usually achieved using capital output ratios where
the value of capital is divided by the value-added for
each economic sector (Okuyama 2009). This is a crude
approximation, as economic output losses will most
likely vary non-linearly with damage due to the effect of
back-up or redundant systems coming online, substitu-
tion effects and inventories being drawn down. Such
processes are notoriously difficult to model. The size of
the disaster also matters, as indirect revenue losses
do not scale linearly with the size of the disaster.
For example, a large enough failure within the electri-
city network may cause the entire system to collapse in
a non-linear catastrophic manner. If, hypothetically
speaking, twenty per cent of overall expenditure within
the manufacturing sector is spent on the consumption
of electricity and the electricity network failed, the result
from the I-O analysis would indicate a proportional drop
in output from the manufacturing sector. In reality how-
ever, if the electricity network failed then the manufac-
turing sector would also fail because production from
manufacturing depends almost completely on electricity,
and with no electricity, goods cannot be produced.
Electricity is thus a critical input into the manufacturing
sector. The relationship between infrastructure service
provision (i.e., the flow of electricity) and other eco-
nomic sectors cannot be simply explained by the value
of financial transactions occurring between electricity
and other economic sectors. Such non-linear critical re-
lationships between infrastructure and the economy are
relationships that are therefore not fully captured using
standard I-O analysis.
The supply side input-output Ghosh model
The supply-side Ghosh model represents the inverse in-
terpretation of the demand-side I-O model. Instead of
shocks being applied on the demand side of the econ-
omy, shocks are applied to the supply-side or primary
inputs. This requires interpreting the results of the
model somewhat differently. Since the supply driven
variation of the classical I-O model was first proposed
by Ghosh (1958) many authors have tried to authen-
ticate or debunk it as a legitimate tool for conducting
economic analysis (Deman 1988; Rose and Allison
1989; Dietzenbacher and Hoen 2006). Questions on the
plausibility of the Ghosh model were first proposed by
Oosterhaven (1988) who concluded the supply-driven
model was “theoretically implausible” and deterred its usefor studying markets that were typically not facing supply
constraints. Although the most fervent opposition to
the Ghosh model came from Oosterhaven (1988; 1989;
2012) many authors continue to utilise and advocate the
use of the Ghosh model for different specialist purposes
(Dietzenbacher 1997; Dietzenbacher and Hoen 2006; De
Mesnard 2007; De Mesnard 2009; Guerra and Sancho
2011). As already noted, the Ghosh model has proven
particularly useful for estimating the impacts of supply-
constrained economies, centrally planned economies or
economies with monopolistic behaviour. Several authors
have suggested different applications of the Ghosh model
for overcoming some of the limitations of the demand
driven Leontief model, i.e., the absence of substitution
between inputs, constant returns to scale, the absence of
capacity constraints and price elasticity’s of zero. The
Ghosh model may therefore be a more appropriate tool
for modelling the effects of infrastructure failure where
the effect is to constrain supply within an economy.
Equation (2) shows the basic form of the Ghosh supply
driven model. It is equivalent to the demand led Leontief
model but differs in one important respect, instead of
inputs linearly adjusting to meet final demand, outputs
adjust. In the supply driven model elements of the B
matrix have the reverse definition of the A matrix. Coef-
ficients of the B matrix are interpreted as allocation
coefficients and represent the output from each sector
as a proportion of total output from the sector as a
whole. Thus system wide impacts on the economy can
be estimated based on changes to the primary input re-
quirements, v.
x0 ¼ x^Bþ v0 ¼ v0 I−Bð Þ‐1 ¼ v0G ð2Þ
In the Ghosh supply-driven model, gross production is
related to the primary inputs across different sectors and
assumes that demand will match supply i.e., demand is
perfectly elastic (Oosterhaven 1988). Primary supply is
therefore the exogenous driving force within the economy
which determines not only total inputs across all sectors
of the economy, but also intermediate outputs and final
demand. For final demand this means that local produc-
tion or investment reacts perfectly to any change in sup-
ply. The basic assumption in the supply model is that the
output distributions are stable in an economic system.
Instead of fixed input coefficients, like in the demand side
model, fixed output coefficients are assumed in the supply
side model. This means that if the output of the i-th sector
is halved, then sales from i-th sector to each of the other
sectors that purchase from i will also be halved. Given the
criticisms surrounding the economic interpretation of the
Ghosh model in terms of quantities, Dietzenbacher (1997)
reinterpreted the Ghosh model as a price-model. That is,
changes in sectoral outputs change due to shifts in the
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primary inputs. Thus by changing the interpretation of
the model to a price-model allows it to be used to estimate
the economic effects of infrastructure failure.
Inoperability Input Output Model (IIM)
The demand reduction inoperability input output model
(IIM) was first proposed by Haimes and Jiang (2001) as
a method to explore the inoperability of complex inter-
connected infrastructure systems. The model was later
refined and simplified by Santos and Haimes et al. (2002;
2005a; 2005b) who reverted the inoperability model back
to using the traditional technical coefficient matrix based
on economic transactions alone. The IIM adopts the
same principles as the standard I-O model but uses a
perturbation vector instead of absolute changes in final
demand. The perturbation vector gives values of inoper-
ability between 0 and 1 for directly affected infrastruc-
ture sectors. The level of inoperability is usually defined
as unrealized production (intended degradation of actual
production) divided by the full amount of intended pro-
duction. According to Santos and Haimes (2004) the
term ‘inoperability’ denotes the level of a systems dys-
function expressed as a percentage of its ‘as-planned’
production capacity. Therefore, the level of inoperability
caused by a disaster can set off a chain of cascading
events on interconnected systems.
The IIM is based on the original Leontief structure
and therefore retains many of its strengths and weak-
nesses. It is linear in its transformations to final demand
and is therefore deterministic. In the short run and
under transient conditions the equilibrium assumption
may not always hold. For example, after a widespread
disaster, large perturbations may induce non-equilibrium
conditions that may dominate. In the long-run this may
have the effect of changing the underlying structure of
the economy and therefore the coefficients within the
technical coefficient A matrix. Predicting the long-term
structural changes on an economy caused by a large-
scale disaster is a complicated process and often requires
sophisticated economic models to resolve. In some situa-
tions the assumption of linear or constant returns to
scale is a valid approximation, but after a disaster some
sectors may experience diminishing or increasing returns
to scale as demand and total output shift across the econ-
omy. Anderson et al. (2007) makes the observation that
sectors suffering the highest inoperability are not always
the sectors with the largest financial losses due to disrup-
tive economic events. Risk mitigation strategies must
therefore address both the magnitude of monetary loss
and the relative size of impact upon a particular sector.
The basic form of the IIM is shown in Equation (3).
This is an extension of the basic demand side model but
instead of returning total losses in absolute economicterms, it returns the percentage of degradation. The vec-
tor q represents the degraded output as a proportion of
original output for each sector, the matrix A* is the B
matrix that was presented earlier in the Ghosh model,
and c is the degraded final demand divided by original
final demand.
q ¼ Aqþc ¼ I−Að Þ−1c ð3Þ
Despite some of its shortcomings, the IIM it is now
one of the most widely used methods for modelling the
impacts of cascading infrastructure failure on the econ-
omy. This is due to its simple application and seemingly
straightforward interpretations of its output. There are
now over 65 peer reviewed journal articles that use the
IIM to model the propagation of infrastructure failure.
Although it is often cited as being a ‘physical’ inoperabil-
ity model, this is not correct. The model inputs are still
based on financial transactions and the degraded output
vector simply represents a reduction in economic value
from demand-based inoperability.
Dynamic input output models
In order to estimate the economic impacts from infra-
structure failure it is necessary to determine how the
economy responds and recovers from a disaster over
time. Many researchers have investigated various forms
of dynamic Leontief I-O models (Sage 1977; Miller
and Blair 2009). The dynamic inoperability input-output
model (DIIM) was introduced to model the process of
recovery after a period of inoperability due to a disaster.
The basic equation describing this system achieves this by
using a resiliency matrix to determine the rate of recovery
for each sector in the model (Lian and Haimes 2006). In
this form, resiliency is a direct function of the rate of re-
covery and is determined using an exponential function
that relates the initial level of inoperability and the re-
covery rate required to return the economy to normal
conditions (Haimes et al. 2005b). When final equilibrium
is reached the DIIM has the same form as the static IIM.
With the addition of a stochastic term, it is possible to
model the randomness associated with dynamic recovery.
Sectors with high uncertainty will therefore follow an
unstable path of recovery that ultimately affects all other
sectors of the economy. Modelling the dynamic process of
recovery enables dynamic interdependency to be explicitly
modelled and the resilience of different economic sectors
to be captured through an exponential recovery function.
The basic form of the dynamic input-output model is
represented by Equation (4). It takes the same basic
form as the classic Leontief model where the matrix K is
a square matrix of capital coefficients and represents the
willingness of the economy to invest in capital resources.
The standard IIM approach can be extended to a
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Matrix K* represents the industry resilience coefficient
matrix where each element, ki represents the resilience
of sector i given an imbalance between supply and de-
mand (Haimes et al. 2005a).
x tð Þ ¼ Ax tð Þ þ c tð Þ þ K _x ð4Þ
_q tð Þ ¼ K Aq tð Þ þ c tð Þ− q tð Þð Þ ð5Þ
Results and Discussion
How to improve economic loss estimation from
infrastructure failure
Improving terminology and definitions
There is a great deal of disagreement among disaster
researchers as to what counts as an indirect cost (Rose
2004; Simpson et al. 2005; Okuyama 2007) definitions
usually include loss in income due to reduced final
demand for products, loss in revenues from damaged
businesses, loss in intermediate demand due to disrup-
tions in the supply chain (forward and backward) and
loss in productive capacity. For example, Cochrane
(2004) uses the simple definition that direct losses are
the damages to property plus lost income as a direct re-
sult of the disaster, while the indirect cost is everything
else. On the other hand, Hallegatte (2008) describes dir-
ect losses as the direct damage caused to physical infra-
structure only (i.e., loss in stock capital value) while all
flow losses occurring after the disaster are considered as
indirect losses. Other authors such as Rose (2004) sug-
gest using the term ‘higher order effects’ to describe flow
losses to prevent confusion with terminology used by
input-output literature elsewhere. If accurate comparisons
of the economic losses are to be made, then accurate
terminology needs to be agreed upon and consistently ap-
plied across different models. At present there is even
confusion amongst researchers whether physical damage
to infrastructure (a stock) should be described as an eco-
nomic loss. A clear distinction needs to be made between
damage to physical stock, losses in revenue, direct losses
in economic output and indirect losses occurring else-
where in the economy. There is also confusion in models
that report ‘higher economic growth’ after a disaster but
fail to account for the absolute loss in GDP. Even though
economic growth might be higher after a disaster, the total
output of the economy is still well below the ex-ante out-
put had the disaster not occurred, thus only reporting eco-
nomic growth might misrepresent the full effects of the
disaster.
Better modeling of physical and economic linkages
The overall economic impact of a disaster is a combin-
ation of the size of the initial impact and the rate of re-
covery of the economy. Understanding economic losstherefore requires assessing the damage to capital infra-
structure but also the losses associated with decreased
economic output over the period of the recovery. Esti-
mating economic losses from infrastructure failure re-
quires implementing bespoke models that are able to
incorporate the unique and idiosyncratic nature of infra-
structure and their relationship within the economy.
The relationship between infrastructure and the econ-
omy is not unidirectional. To date, the vast majority of
hazard related research attempting to estimate indirect
impacts make the assumption that linkages between in-
frastructure and other sectors of the economy can be
represented purely by the financial flows between differ-
ent sectors of the economy. Making this assumption is
convenient as it allows inter-linkages to be represented
and modeled using publicly available input output tables
(Cochrane 1997; Rose 2004; Hallegatte 2008; Okuyama
2009), but unfortunately this leads to erroneous con-
clusions. Although it is true that a proportion of total
economic disruption occurring within an economy is
caused by a reduction in business activity from within
the affected area, it is not true that all indirect effects
within the rest of the economy are propagated through
financial transactions alone.
For example, during the monsoon season in Thailand,
major flooding caused many of the world’s largest hard
drive manufacturers to reduce output. At that time, hard
drive maker Western Digital managed to produce only
60 % of the 54 million hard drives it normally ships. The
knock on effects of this disruption led to a decrease in
sales to computer manufacturers and end consumers
outside the initial area impacted by the hazard. In this
example it is justifiable to use the standard economic
input-output model to estimate the indirect economic
effects on the economy due to a reduction in production
capacity. However, disruption to physical infrastructure
is very different to disrupting productive output. Infra-
structure networks connect economic sectors through
physical networks. When a physical infrastructure net-
work fails, not only is there an economic consequence
but there is also a physical consequence that must also
be included in the analysis. Electricity networks may fail
shutting down industrial activity, transportation systems
may fail preventing the delivery of goods to market
and telecommunication systems may fail preventing
the communication of business activity and knowledge
throughout the economy.
Several authors have tried to combine engineering
based methods with economic models for transport in-
frastructure (Gordon et al. 1998; Cho et al. 2001; Kim
et al. 2002) and for lifeline network models (Rose 2004).
Romanoff and Levine (1986; 1989) developed the Se-
quential Interindustry Model (SIM) which introduced
time-phased production, capacity and inventory to the
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oped to look at transient changes to economic activ-
ity, Okuyama (2004b) showed its potential value as a
tool for estimating the economic impacts of disasters
by taking into consideration the role of inventory
within an economy. Still, to the authors knowledge
there has been no attempt to incorporate both engin-
eering and economic linkages across all infrastructure
types in an economy. The assumption that all indirect
economic effects can be modelled through financial
transactions within the standard I-O table is errone-
ous, and will lead to incorrect loss estimation. This is
because it does not account for the physical inter-
dependencies across different sectors of the economy.
The total economic effect will be a combination of
physical and economic effects at the primary, secondary
and tertiary levels (where tertiary effects are defined as the
impacts on the economy caused by physical cascade
effects outside the affected area).
Figure 1 is a graphical representation of primary, sec-
ondary and tertiary effects on the economy.
Improving estimates of changes to economic structure
The structure of the economy and the relationship be-
tween different economic sectors at a particular moment
in time plays a significant role in determining macro-
economic vulnerability (Benson and Clay 2004). Eco-
nomic structure is reflected in the relative importance of
various sectors, in the patterns of ownership and systems
of production, by the inter-sectoral linkages and the
importance of productive capital in the economy. The
role of critical infrastructure is therefore integral to
understanding and estimating the true impacts of a
disaster on an economy. This requires a deep under-
standing of the underlying relationships and flows of
goods and services within the economy that rely on
infrastructure services. One shortcoming of existing
disaster related I-O research is the assumption of
fixed technical coefficients. In a demand-pull quantityFig. 1 Primary, secondary and tertiary lossesmodel, technical coefficients represent the quantity of
inputs required for delivering each unit of final demand.
In a supply-push price model, allocation coefficients rep-
resent the value of outputs that feed into other sectors in
the economy.
Both the demand-pull and supply-push models assume
the structure of the economy remains unchanged after a
disaster. This assumption most likely does not apply,
particularly after a large disaster has occurred. When re-
sources are scarce prices adjust and substitution between
similar goods occurs. If these substitutions are persistent
then new industries will be developed and the structure
of the economy may change. For example, a disaster
may destroy a steel mill used to supply steel products to
the construction industry. Timber, which is also a key
sector of the economy, can sometimes be used as a sub-
stitute for steel. Thus supply and demand equilibrium
positions shift as prices change. In another example, a
surplus in one industry can generate revenues through
increased exports, while this increase in revenue can be
used to pay for imports that now experience higher de-
mand. Under existing disaster I-O assumptions, it is as-
sumed the economy retains the same structure during
and after the disaster has occurred. Further research is
required to understand how the underlying structure of
an economy may change once the effects of the disaster
have occurred.
Incorporating uncertainty analysis into economic loss
estimates
The economic impact of infrastructure failure is highly
uncertain. The scale of damage and level of economic
disruption caused by infrastructure failure is a direct
function of the hazard event, the vulnerability of infra-
structure systems and the resiliency of the economy.
Despite the probabilistic nature of natural hazards and
the stochastic nature of economic consequences, deter-
ministic models are still widely used to estimate eco-
nomic losses resulting from disasters. Similar to the
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agement forty years ago (Hall 2014) ‘economic risk man-
agement’ still needs to undergo a transformation from
managing risk deterministically, to modelling economic
risk stochastically and therefore incorporating uncertainty.
The severity of economic loss is the end consequence
that results from a combination of different conditions.
The starting point for assigning uncertainty to economic
loss estimates is to get better estimates of the upper and
lower confidence bounds on the distribution of extreme
events and their likely impacts. An analysis on the vul-
nerability of physical infrastructure systems will then
provide some evidence on the likely impacts that may
occur from an extreme event. Uncertainty analysis at
this stage must also allow for non-linear discrete events,
where a sudden change in conditions may result in sud-
den catastrophic failure. An example of this type of fail-
ure is the failure of a dike. Everything is fine and no
damage occurs until the point when the dike fails. The
final step to incorporating uncertainty into economic
loss estimates is to understand the uncertainty of the re-
covery process. This will involve a good understanding
of ‘hard’ factors such as access to physical capital, work-
ing and reliable infrastructure systems and an ability to
raise finance. It will also involve understanding soft
factors such as social support systems, political will and
social cohesion. The more uncertainty there is surround-
ing these factors, the more imprecise and the larger will
be the confidence bounds around final economic loss es-
timates. Once uncertainty and risk are appropriately
accounted for informed choices can be made about re-
ducing risk and assessing different mitigation or adapta-
tion strategies.
Conclusion
This paper has proposed four distinct approaches for
improving economic loss estimates resulting from infra-
structure failure. Firstly, it is necessary to review and
consolidate the various conflicting definitions used to
describe economic loss. Secondly, it is important to dis-
tinguish between damage to capital assets on the one
hand and losses to potential output on the other. Dam-
age to capital is a decrease in the value of the physical
capital stock, and the later is a reduction in the level of
economic output and the relationship between them
may be nonlinear. New infrastructure based I-O models
must therefore incorporate physical interdependencies
between different infrastructure systems as well as the
economic interdependencies. Moreover, because physical
linkages and economic linkages are two distinct but
related forms of interdependency, models that conflate
these two transmission processes will not accurately esti-
mate the full impacts of infrastructure failure. Models
that only attempt to measure physical interdependenciesdo not capture economic effects and models that rely on
economic interdependencies to describe physical pro-
cesses will not accurately capture the full effects of phys-
ical interdependency between sectors. Thirdly, a core
assumption of I-O models is that the structure of the
economy is retained during a disaster and during the re-
covery process. There is strong evidence to suggest that
as supply and demand curves shift due to shortages in
different sectors of the economy, equilibrium positions
will shift, prices will change and substitution between
products will result in changes to economic structure.
Finally, an estimate of economic loss is the end product
of a complex combination of interlinking effects begin-
ning with the initial hazard; the vulnerability of physical
infrastructure; and the resilience and recoverability of
the economy. New research must start to make progress
in quantifying the underlying uncertainty associated with
final economic loss estimates as has been done in other
fields of disaster related research.
This paper has shown that complex infrastructure sys-
tems are unique in their interaction and contribution to
economic activity. Many different methods have been
proposed to estimate the economic loss from infrastruc-
ture failure along with their strengths and weaknesses.
But all methods fall-short of providing a panacea. The
next generation of economic-infrastructure failure models
will therefore need to overcome the limitations embedded
within the existing methods and processes. It is hoped the
next generation of models will overcome many of the lim-
itations discussed in this paper and incorporate some of
the suggested improvements.Abbreviations
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